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Description

Field of the invention

[0001] The presentinvention relates to printing of pat-
terns with extremely high precision on photosensitive sur-
faces, such as photomasks for semiconductor devices
and displays. It also relates to direct writing of semicon-
ductor device patterns, display panels, integrated optical
devices and electronic interconnect structures. Further-
more, it can have applications to other types of precision
printing such as security printing. The term printing
should be understood in a broad sense, meaning expo-
sure of photoresist and photographic emulsion, but also
the action of light on other light sensitive media such as
dry-process paper, by ablation or chemical processes
activated by light or heat. Light is not limited to mean
visible light, but a wide range of wavelengths from infra-
red (IR) to extreme UV. Of special importance is the ul-
travioletrange from 370 nm (UV) through deep ultraviolet
(DUV), vacuum ultraviolet (VUV) and extreme ultraviolet
(EUV) down to a few nanometers wavelength. EUV is in
this application defined as the range from 100 nm and
down as far as the radiation is possible to treat as light.
A typical wavelength for EUV is 13 nm. IR is defined as
780 nm up to about 20 pm.

[0002] In a different sense the invention relates to the
art and science of spatial light modulators and projection
displays and printers using such modulators. In particular
it improves the grey-scale properties, the image stability
through focus and image uniformity and the data
processing for such modulators by application of analog
modulation technique. The most important use of the an-
alog modulation is to generate an image in a high-con-
trast material such as photoresist with an address grid,
i.e. the increment by which the position of an edge in the
pattern is specified, that is much finer than the grid cre-
ated by the pixels of the spatial light modulator.

Background of the invention

[0003] It is known in the current art to build precision
pattern generators using projection of micromirror spatial
light modulators (SLMs) of the micromirror type (Nelson
1988, Kiick 1990). To use an SLM in a pattern generator
has a number of advantages compared to the more wide-
spread method of using scanning laser spots: the SLM
is a massively parallel device and the number of pixels
that can be written per second is extremely high. The
optical system is also simpler in the sense that the illu-
mination of the SLM is non-critical, while in a laser scan-
ner the entire beam path has to be built with high preci-
sion. Compared to some types of scanners, in particular
electrooptic and acoustooptic ones, the micromirror SLM
can be used at shorter wavelengths since it is a purely
reflective device.

[0004] In both references cited above the spatial mod-
ulator uses only on-off modulation at each pixel. The input
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data is converted to a pixel map with one bit depth, i.e.
with the values 0 and 1 in each pixel. The conversion can
be done effectively using graphic processors or custom
logic with area fill instructions.

[0005] In a previous application by the same inventor
Sandstrém (Sandstrém et. al. 1990), the ability to use an
intermediate exposure value at the boundary of a pattern
element to fine-adjust the position of the element’s edge
in the image created by a laser scanner was described.
[0006] Itis also known in the art to create a grey-scale
image, preferably for projection display of video images
and for printing, with an SLM by variation of the time a
pixel is turned on or by printing the same pixel several
times with the pixel turned on a varying number of times.
US 5,691,541 discloses a maskless lithography system.
[0007] The present invention describes a system for
direct grey-scale generation with a spatial light modula-
tor, with a special view to the generation of ultra-precision
patterns. Important aspects in the preferred embodi-
ments, are uniformity of the image from pixel to pixel and
independence of exact placement of a feature relative to
the pixels of the SLM and stability when focus is changed,
either with intention or inadvertently.

Summary of the invention

[0008] Itis therefore an object of the present invention
to provide an improved pattern generator for printing of
precision patterns.

[0009] This object is achieved with an apparatus ac-
cording to the appended claims, providing an analog
modulation of the pixels in the SLM.

Brief description of the drawings

[0010]

Figure 1 shows a printer in prior art. The SLM con-
sists of micromirrors that deflect the light from the
lens pupil.

Figure 2 shows a number of pixel designs with the
upper four pixels in an off state and the remaining
five pixels turned on.

Figure 3 shows an array of pixels moving up and
down like pistons, thereby creating a phase differ-
ence. This is how an edge can be fine-positioned
with a phase-type SLM.

Figure 4 shows a schematic comparison between
an SLM with deflecting mirrors and an SLM with de-
forming mirrors.

Figure 5 shows a flow diagram of a method for trans-
lating and feeding data to the SLM.

Figure 6 shows a preferred embodiment of a pattern
generator according to the invention.

Figure 7 shows schematically possible complex am-
plitudes for different types of SLM.

Figure 8 shows schematically different types of con-
trolling of the SLM mirrors.
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Description of the invention

[0011] The basis for understanding the invention is the
generic arrangement in Figure 1 which shows a generic
projection printer with an SLM. Spatial light modulators
based on reflection come in two varieties, the deflection
type (Nelson) and the phase type (Kuck). The difference
between them may in a particular case with micromirrors
seem small, but the phase SLM extinguishes the beam
inthe specular direction by destructive interference, while
a pixel in a deflection SLM deflects the specular beam
geometrically to one side so that it misses the aperture
ofthe imaging lens as shown in figure 1. For ultra-precise
printing as performed in the current invention the phase-
modulating system as described by Kiick 1990 is superior
to the deflecting type. First, it has better contrast since
all parts of the surface, also hinges and support posts,
take part in the destructive interference and total extinc-
tion can be achieved. Second, a system that works by
deflecting the light to the side is difficult to make sym-
metrical around the optical axis atintermediate deflection
angles, creating a risk of feature instability when focus
is changed. Inthe preferred embodiments the phase type
is used, but if one accepts or designs around the asym-
metry of the deflection type it could also be used. This is
illustrated schematically in fig 4. In the first figure, 4a, a
nondeflected micromirror 401 is illuminated, and the re-
flected light is not directed towards the aperture 402, and,
hence, the light does not reach the substrate 403. In fig
4b, on the other hand, the mirror is fully deflected, and
all the reflected light are directed towards the apperture.
In an intermediate position only part of the reflected light
will reach the substrate, which is shown in fig 4c. How-
ever, in this case the light is not symmetrical around the
optical axis for the lens 404, and there is an oblique in-
cidence on the substrate. Hereby the distance between
the lens and the substrate area becomes very critical,
and small changes, such as the one being indicated by
the dashed position for area, causes significant displace-
ments of the features on the substrate. A way to solve
this problem is indicated by the fig 4d-f. Here, a first ex-
posure is made with a first deflection angle for the micro-
mirror, and thereafter a second exposure, preferably with
the same light dose, is made for a second deflection an-
gle, being complementary to the first angle. Hereby, the
combination of the first and second exposure is symmet-
rical around the optical axis for the lens. Another way to
solve the problem is to use deforming mirror 401’, such
as is shown in fig 4g, whereby the reflected light is evenly
distributed over aperture. This last figure could schemat-
ically represent two cases, a phase type SLM (described
below) or a deflection SLM, where light is reflected from
different parts of the mirror.

[0012] The phase SLM can be built either with mi-
cromachined mirrors, so called micromirrors, or with a
continuous mirror surface on a supporting substrate that
is possible to deform using an electronic signal. In Kiick
1990 a viscoelastic layer controlled by an electrostatic
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field is used, but it is equally possible, especially for very
short wavelengths where deformations of the order of a
few nanometer are sufficient, to use a piezoelectric solid
disk that is deformed by electric field or another electri-
cally, magnetically or thermally controlled reflecting sur-
face. For the remainder of this application an electrostat-
ically controlled micromirror matrix (one- or two-dimen-
sional) is assumed, although other arrangements as de-
scribed above are possible, such as transmissive or re-
flecting SLMs relying on LCD crystals or electrooptical
materials as their modulation mechanism, or microme-
chanical SLMs using piezoelectric or electrostrictive ac-
tuation.

[0013] The invention preferably uses a micromirror
where the phase modulation is variable to obtain a vari-
able amount of light reaching the pupil of the projection
lens. Figure 2 shows some multi-element mirrors. The
tilts of the various parts of the mirrors are unimportant.
In fact one element by itself would direct the light toward
the lens while another would direct it outside of the pupil.
The correct way to understand the function is to look at
the complex amplitude reaching the center of the pupil
from each infinitesimal area element of the mirror and
integrate the amplitude over the mirror. With a suitable
shape of the mirror it is possible to find a deformation
where the complex amplitudes add up to almost zero,
corresponding to no light reaching the pupil. This is the
off-state of the micromirror, while a relaxed state where
the mirror surface is flat and the complex amplitudes add
in phase is the on-state. Between the on and off-states
the amount of light in the specular direction is a contin-
uous but non-linear function of the deformation.

[0014] The pattern to be written is normally a binary
pattern, such as a photomask pattern in chrome on a
glass substrate. In this context binary means that there
are no intermediate areas: a certain point on the photo-
mask surface is either dark (covered with chrome) or
clear (no chrome). The pattern is exposed in photoresist
by the projected image from the SLM and the photoresist
is developed. Modern resists have high contrast, mean-
ing that a small percentage change in exposure makes
the difference between full removal of the resist in the
developer and hardly any removal at all. Therefore the
photoresist has an edge that is normally almost perpen-
dicular to the substrate surface, even though the aerial
image has a gradual transition between light and dark.
The chrome etching does further increase the contrast,
so that the resulting image is perfectly binary: either
opaque or clear with no intermediate areas.

[0015] The input data is in a digital format describing
the geometry of the pattern to be written on the surface.
The input data is often given in a very small address unit,
e.g. 1 nanometer, while setting pixels in the SLM to either
on or off gives a much coarser pattern. If a pixel on the
SLM is projected to a 0.1 um pixel in the image, a line
can only have a width that is an integer number of pixels
(n* 0.1 wm where nis an integer). An address grid of 0.1
p.m was enough until recently, but the advent of so called
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optical proximity correction OPC makes a grid of 1 - 5
nanometers desirable. In OPC the size of features in the
mask are modified slightly to compensate for predicted
optical image errors when the mask is used. As an ex-
ample, when a mask with four parallel lines 0.8 pum wide
is printed in a modern 4X reduction stepper (a projection
printer for semiconductor wafers) they will in a typical
case print as lines 0.187, 0.200, 0.200, and 0.187 pm
wide although they were intended to have the same
width. This can be predicted by simulation of the image
formation and the user of the mask may use OPC to
compensate in the mask. therefore he wants the first and
last line in the mask to be 4 * 0.213 = 0.852 pm instead
of 0.800 wm. With an address grid of 0.1 wm he cannot
make the correction, but with 5 nm address grid or finer
such correction are possible.

[0016] In figure 5 the method for providing data for the
SLM is shown in a flow diagram. The first step, S1, is to
divide the pattern data for the pattern to be written into
separate pattern fields. The pattern data is preferably
received in digital form. Thereafter, in step S2, the fields
are rasterised, and thereby assigned different exposure
values. These values are then corrected for nonlinear
response, step S3, and pixel-to-pixel variations, step S4.
Finally, the pixel values are converted to drive signals
and forwarded to the SLM.

[0017] The invention uses intermediate values be-
tween the off-state and on-state to create a fine address
grid, e.g. 1/15, 1/25, 1/50, of the size of a pixel. A printed
feature consists of pixels in the on state, but along the
edge it has pixels set to intermediate values. This is done
by driving the pixels with other voltages than the on and
off voltages. Since there are several cascaded non-linear
effects (the position of the edge versus exposure at the
pixels at the boundary, the exposure vs. the deformation,
and the deformation vs. the electric field) a non-linear
transformation from the input data to the electric field is
needed. Furthermore this transformation is calibrated
empirically at regular time intervals.

[0018] Figure 3 shows an array of pixels moving up
and down like pistons, thereby creating a phase differ-
ence. The figure shows how the pixels are controlled to
create the reflectivity in the inset. The bright areas have
pixels with 0 phase, while dark areas are created by pixels
with alternating +90 and -90 degree phase. The oblique
boundaries between bright and dark areas are created
by intemediate values of phase. This is how an edge can
be fine-positioned with a phase-type SLM. However, oth-
er types of SLM with intermediate values could be used
in the same manner. The imaging properties with the
phase SLM driven into intermediate values are complex
and it is far from obvious that the edge will be moved in
figure 3. However, it has been shown by extensive the-
oretical calculations and experiments by the inventor,
that the described effect is real.

[0019] To create a finer address grid the electronic
processing system is adapted to create one type of pixel
map inside pattern features, another type of pixel map
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outside features, and intermediate pixel maps ata bound-
ary, as shown in Figure 3, where the intermediate pixel
map at a boundary is generated in dependence of the
placement of the boundary in a grid finer than that of the
pixels of the SLM projected on the workpiece. The SLM
and the projection system creates one exposure level
inside features, another exposure level between fea-
tures, and an intermediate exposure level at the bound-
ary. The intermediate exposure level is created using the
capability of the SLM to modulate to multiple states.
The response from driving signals to actual placement
of the boundary is characterized and corrected for. It is
empirically measured and a calibrating function is com-
puted and stored in the data processing and delivery sys-
tem.

[0020] To further improve the address resolution the
stage and the SLM are adapted to stitching exposure
fields together along a direction not parallel to the coor-
dinate system of the SLM, typically 45 degrees. In par-
ticular the continuous movement of the stage or optical
system takes place in a direction not parallel to the SLM,
but typically at 45 degrees from the coordinate system
of the SLM. It is also possible to have an SLM with non-
orthogonal axises, in which case it is advantageous to
have no axis parallel to the direction of motion. Further-
more, to suppress line errors resulting from imperfections
in the column and row drivers of the SLM of line error in
the matrix itself it is effective to have the row and column
lines atan angle to the direction of stitching, i.e. the vector
between the centers of stitched fields.

Additional refinement of the address grid is created by
the overlaying of at least two exposures with modified
data such that the combined exposure has intermediate
values not possible to obtain in a single exposure.

The design of the phase-type SLM

[0021] A cloverleaf mirror design, shown in fig 2¢c, as
used in prior art is possible to drive to intermediate states
between on and off states. However, when the integrated
complex amplitude is plotted as a function of deflection,
itis seen that it never goes to zero completely but circles
around zero, therefore having a non-zero minimum re-
flectivity with a varying phase angle. This is shown sche-
matically by the line 701 in fig 7, where 703 indicates a
position for a certain deformation value, and ¢ being the
associated phase angle. A thorough analysis of animage
with some pixels set to intermediate states shows that
the position of the edges in the final image are not stable
through focus if the integrated phase angle of the edge
pixels is not zero. This is the diffraction effect analogous
to the specular one shown in fig 4. In a preferred embod-
iment a new type of pixels with pivoting elements is used.
Examples of such elements are shown in fig 2e-h. When
the elements pivots one end moves toward the light
source and the other end away from it thereby keeping
the average phase close to zero. This is shown schemat-
ically by the dashed line 702 in fig 7. Furthermore the



7 EP 1 060 441 B1 8

cloverleaf design has a problem of built-in stress created
during the fabrication. This stress tends to give a partial
deformation without an applied electric field. The built-in
deformation is not perfectly the same in every pixel since
it depends on imperfections during the manufacturing. In
the cloverleaf design this difference from pixel to pixel
creates a first-order variation of reflectivity. With pixel
cells built from pivoting elements the same effect occurs,
but gives a second-order effect. Therefore the uniformity
is better in the projected image.

[0022] The design of the modulating elements and the
exposure method are adapted to creating, for differently
placed and/or differently oriented edges in the pattern, a
symmetry in the aperture stop of the projection system.
Inherent asymmetries between edges placed at different
positions relative to the pixel grid can be reduced by over-
laying at least two images with different placement of the
pixel grid relative to the pattern.

[0023] For a deflection type of SLM the symmetry re-
lates to the intensity distribution in the aperture stop. Best
is to have modulating elements that deflect the light sym-
metrically relative to the center of the aperture stop, or
else can overlayed exposures with complementary de-
flection be used to create symmetry. With modulating
elements with steerable deflection it is possible to create
a constant geometrical realtion between the deflection
at a pixel at an edge and the edge, i.e. directing it in a
direction perpendicular to the edge and toward the inte-
rior of the feature.

[0024] With a diffraction type SLM it is possible to cre-
ate symmetry by overlaying exposures with opposite
phase maps. Symmetry can be maintained if the complex
amplitude is everywhere real on the SLM, and pixels can
be designed with the integrated complex amplitude being
essentiall real with values inthe range -1to 1. Many times
it is sufficient with amplitudes in the range -0.5to 1. This
is the case with the square pivoting micromirror elements
in Figure 2e,f,g,h.

[0025] With access to a small negative amplitude to
print in the background areas it is possible for enhance
the resolution. In a more complex scheme it is possible
to drive groups of adjacent pixels to combine inthe image,
and after being filtered by the imaging system, to give a
desired real amplitude.

[0026] In order to preserve symmetry it is beneficial to
have at least 2-fold symmetry and preferrably 4-fold.
Symmetry can be created for pixels not having an inher-
ent rotational symmetry by muple overlayed exposures.
Furthermore, with a pixel design or exposure sequence
giving a controlled real amplitude can be used for reso-
lution enhancements. Dark lines can be given extra con-
trast if placed between areas with opposite phase and
the edge of a feature can be improved by driving adjacent
pixels inside the feature to higher positive amplitudes or
adjacent pixels outside to negative ones.
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Image enhancements.

[0027] There is a third advantage with a pivoting de-
sign: the cloverleaf does not reach full extinction, but a
pivoting cell can more easily be given a geometry that
gives full extinction, or even goes through zero and
comes back to a small non-zero reflection, but with re-
versed phase. With better extinction there is greater free-
dom to print overlapping exposures, designing for a small
negative value 702 gives better linearity close to extinc-
tion. Printing with a weak exposure, approximately 5%,
in the dark areas, but with reversed phase can give an
increased edge sharpness of 15 - 30 % and the ability to
print smaller features with a given lens. This is an analog
to so called attenuating phase-shifting masks that are
used in the semiconductor industry. A related method of
increasing the edge acuity is to set the pixels that are
inside a feature a lower value and those near the edge
a higher value. This gives a new type of image enhance-
ment not possible with current projection of patterns from
masks or by the use of projectors following Nelson and
Kick. The combination of a non-zero negative amplitude
in the background and an increased exposure along the
edges need not conflict with the creation of a fine address
grid by driving edge pixels to intermediate values, since
the effects are additive or at least computable. When the
pixels are substantially smaller than the feature to be
printed there exists a combination of pixel values that
creates all effects simultaneously. To find them requires
more computation than the generation of a fine address
grid alone, but in some applications of the invention the
ability to print smaller features can have a high value that
pays for the extra effort.

[0028] In the case of a continuous mirror on a viscoe-
lastic layer there is an inherent balancing of the average
phase to zero. Simulations have shown that the driving
to intermediate values for fine positioning of feature edg-
es work also for the continuous mirror. The non-linearities
are smaller than with micromirrors. But for the method to
work well the minimum feature has to be larger than with
micromirrors, i.e. have a larger number of addressed pix-
els perresolved feature elementis needed. Consequenc-
es are a larger SLM device and that for given pattern the
amount of data is larger. Therefore the micromirrors have
been chosen in a first and second embodiment.

[0029] A pixel with rotation-symmetrical deformation
(at least two-fold symmetry, in a preferred embodiment
four-fold symmetry) is used for two reasons: to give a
symmetrical illumination of the pupil of the projection lens
and to make the image insensitive to rotations. The latter
is important for printing a random logic pattern on a sem-
iconductor wafer. If there is an x-y asymmetry the tran-
sistors laid-out along the x axis will have a different delay
from those along the y axis and the circuit may malfunc-
tion or can only be used at a lower clock-speed. The two
requirements of image invariance through focus and
symmetry between x and y makes it very important to
create and maintain symmetries in the optical system.
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Symmetry can be either inherent or it can be created by
delibrate balancing of assymetric properties, such as us-
ing multiple exposures with complementary assymmetric
properties. However, since multiple exposures lead to
reduced through-put inherent symmetrical layouts are
strongly favoured.

Preferred embodiments

[0030] A first preferred embodiment is a deep-UV pat-
tern generator for photomasks using an SLM of 2048 x
512 micromirrors. The light source is an KrF excimer laser
with a pulsed output at 248 nanometers, pulse lengths
of approximately 10 ns and a repetition rate of 500 Hz.
The SLM has an aluminum surface that reflects more
than 90% of the light. The SLM is illuminated by the laser
through a beam-scrambling illuminator and the reflected
light is directed to the projection lens and further to the
photosensitive surface. The incident beam from the illu-
minator and the exiting beam to the lens are separated
by a semitransparent beamsplitter mirror. Preferably the
mirror is polarisation-selective and the illuminator uses
polarised light, the polarisation direction of which is
switched by a quarter-wave plate in front of the SLM. For
x and y symmetry at high NA the image must be sym-
metrically polarised and a second quarter-wave plate be-
tween the beamsplitter and the projection lens creates a
circularly polarised image. A simpler arrangement when
the laser pulse energy allows it is to use a non-polarising
beamsplitter. The quarter-wave plate after the second
pass through the beamspilitter is still advantageous, since
it makes the design of the beam-splitting coating less
sensitive. The simplest arrangement of all is to use an
oblique incidence at the SLM so that the beams from the
illuminator and to the projection lens are geometrically
separated, as in figure 1.

[0031] The micromirror pixels are 20 x 20 wm and the
projection lens has a reduction of 200X, making on pixel
on the SLM correspond to 0.1 pm in the image. The lens
is @ monochromatic DUV lens with an NA of 0.8, giving
a point spread function of 0.17 pm FWHM. The minimum
lines that can be written with good quality are 0.25 pm.
[0032] The workpiece, e.g.aphotomask, is moved with
aninterferometer-controlled stage under the lens and the
interferometer logic signals to the laser to produce aflash.
Since the flash is only 10 ns the movement of the stage
is frozen during the exposure and an image of the SLM
is printed, 204.8 x 51.2 um large. 2 milliseconds later the
stage has moved 51.2 um, a new flash is shot and a new
image of the SLM is printed edge to edge with the first
one. Between the exposures the data input system has
loaded a new image into the SLM, so that a larger pattern
is composed of the stitched flashes. When a full column
has been written the stage advances in the perpendicular
direction and a new row is started. Any size of pattern
can be written in way, although the first preferred em-
bodiment typically writes patterns that are 125 x 125 mm
To write this size of pattern takes 50 minutes plus the
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time for movement between consecutive columns.
[0033] Each pixel can be controlled to 25 levels (plus
zero) thereby interpolating the pixel of 0.1 pm into 25
increments of 4 nanometers each. The data conversion
takes the geometrical specification of the pattern and
translates it to a map with pixels set to on, off or interme-
diate reflection. The datapath must supply the SLM with
2048 * 512 * 500 words of data per second, in practice
524 Mbytes of pixel data per second. In a preferred em-
bodiment the writable area is maximally 230 x 230 mm,
giving up to 230 / 0.0512 = 4500 flashes maximum in a
column and the column is written in 4500 / 500 = 9 sec-
onds. The amount of pixel data needed in one column is
9 x 524 = 4800 Mb. To reduce the amount of transferred
and buffered data a compressed format is used, similar
to the one in Sandstrém at al. 90, but with the difference
that a pixel map is compressed instead of segments with
a length and a value. A viable alternative is to create a
pixel map immediately and use commercially available
hardware processors for compression and decompres-
sion to reduce the amount of data to be transferred and
buffered.

[0034] Even with compression the amount of datain a
fullmask makes it highly impractical to store pre-fractured
data on disk, but the pixel data has to be produced when
it is used. An array of processors rasterise the image in
parallel into the compressed format and transfer the com-
pressed data to an expander circuit feeding the SLM with
pixel data. In the preferred embodiment the processors
rasterise different parts of the image and buffer the result
before transmitting them to the input buffer of the expand-
er circuit.

A second preferred embodiment

[0035] In a second preferred embodiment the laser is
an ArF excimer laser with 193 nm wavelength and 500
Hz pulse frequency. The SLM has 3072 x 1024 pixels of
20 * 20 pm and the lens has a reduction of 333X giving
a projected pixel of 0.06 pm. There are 60 intermediate
values and the address grid is 1 nanometer. The point
spread function is 0.13 wm and the minimum line 0.2 wm.
The data flow is 1572 Mbytes/s and the data in one col-
umn 230 mm long is 11.8 Gb.

[0036] A third preferred embodiment is identical with
the second one except that the matrix of pixels is rotated
45 degrees and the pixel grid is 84 um, giving a projected
pixel spacing along x and y of 0.06 wm. The laser is an
ArF excimer laser and the lens the reduction of 240. Be-
cause of the rotated matrix the density of pixels in the
matrix is less and the data volume is half of the previous
embodiment but with the same address resolution.

Laser flash to flash variations

[0037] The excimer laser has two unwanted proper-
ties, flash-to-flash energy variations of 5% and flash-to-
flash time jitter of 100 ns. In the preferred embodiments
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both are compensated in the same way. A first exposure
is made of the entire pattern with 90% power. The actual
flash energy and time position for each flash is recorded.
A second exposure is made with nominally 10 % expo-
sure and with the analog modulation used to make the
second exposure 5 - 15% depending on the actual value
of the first one. Likewise a deliberate time offset in the
second exposure can compensate for the time jitter of
the first one. The second exposure can fully compensate
the errors in the first, but will itself give new errors of the
same type. Since it is only on average 10% of the total
exposure both errors are effectively reduced by a factor
of ten. In practice the laser has a time uncertainty that is
much larger than 100 ns, since the light pulse comes
after a delay from the trigger pulse and this delay varies
by a couple of microseconds from one time to another.
Within a short time span the delay is more stable. There-
fore the delay is measured continuously and the last de-
lay values, suitably filtered, are used to predict the next
pulse delay and to position the trigger pulse.

[0038] Itis possible to make corrections for stage im-
perfections in the same way, namely if the stage errors
arerecorded and the stage is driven with a compensating
movementin the second exposure. Any placementerrors
that can be measured canin principle be corrected in this
way, partially or fully. It is necessary to have a fast servo
to drive the stage to the computed points during the sec-
ond exposure. In prior art it is known to mount the SLM
itself on a stage with small stroke and short response
time and use it for fine positioning of the image. Another
equally useful scheme is to use a mirror with piezoelectric
control in the optical system between the SLM and the
image surface, the choice between the two is made from
practical considerations. It is also possible to add a po-
sition offset to the data in an exposure field, and thereby
move the image laterally.

[0039] The second exposure is preferably done with
an attenuating filter between the laser and the SLM so
that the full dynamic range of the SLM can be used within
the range 0 - 15 % of the nominal exposure. With 25
intermediate levels it is possible to adjust the exposure
in steps of 15% * 1/25 = 0.6%.

[0040] The response varies slightly from pixel to pixel
due to manufacturing imperfections and, potentially, also
from ageing. The result is an unwanted inhomogeneity
in the image. Where image requirements are very high
it may be necessary to correct every pixel by multiplica-
tion with the pixels inverse responsivity which is stored
in a lookup memory. Even better is the application of a
polynomial with two, three or more terms for each pixel.
This can be done in hardware in the logic that drives the
SLM.

[0041] In a more complex preferred embodiment sev-
eral corrections are combined into the second corrective
exposure: the flash to flash variation, flash time jitter, and
also the known differences in the response between the
pixels. As long as the corrections are small, i.e. a few
percent in each they will add approximately linearly,
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therefore the corrections can be simply added before
they are applied to the SLM. The sum is multiplied with
the value desired exposure dose in that pixel.

Alternative illumination sources

[0042] The excimer laser has a limited pulse repetition
frequency (prf) of 500 - 1000 Hz depending on the wave-
length and type of the laser. This gives large fields with
stitching edges in both x and y. In two other preferred
embodiments the SLM is illuminated with a pulsed laser
with much higher prf, e.g. a Q-switched upconverted solid
state laser, and with a continuous laser source scanned
over the surface of the SLM, so that one part of the SLM
is reloaded with new data while another part is printed.
In both cases the coherence properties of the lasers are
different from the excimer laser and a more extensive
beam-scrambling and coherence control is needed, e.g.
multiple parallel light paths with different pathlengths. In
some implementations of the invention the light output
from a flash lamp is sufficient and can be used as the
light source. Advantages are low cost and good coher-
ence properties.

[0043] In the preferred embodiment with scanning il-
lumination two issues are resolved: the pulse to pulse
variation in time and energy, since the scanning is done
underfull control preferably using an electrooptic scanner
such as acoustooptic or electrooptic, and many continu-
ous laser have less power fluctuation that pulsed lasers.
Furthermore the use of continuous lasers gives a differ-
ent selection of wavelengths and continuous lasers are
less dangerous to the eye than pulsed lasers. Most im-
portant, however, is the possibility of reaching much high-
er data rates with a matrix with only a few lines since the
scanning is non-critical and can be done with 100 kHz
repetition rate or higher. Scanning the illumination beam
is also a way of creating a very uniform illumination, which
is otherwise difficult.

[0044] In some embodiments it is possible, and feasi-
ble, to use a flash lamp as the illumination source.
EUV

[0045] Light sources for EUV are based on radiation

from a particle accelerator, a magnetic plasma pinch ma-
chine or the heating of a small drop of matter to extreme
temperatures with a high-power laser pulse. In either
case the radiation is pulsed. The EUV radiation propa-
gates only in vacuum and can only be focused by reflec-
tive optics. A typical pattern generator using an SLM has
a small exposure field a modest requirement of optical
power. The design of the optical system is therefore re-
laxed compared to that of an EUV stepper, making it pos-
sible to use more mirrors and go to higher NA than in a
stepper. It is anticipated that a high-NA lens will have a
ring-shaped exposure field and itis fully possible to adapt
the shape of the SLM to such a field. With a wavelength
of 13 nm and an NA of 0.25 it is possible to expose lines
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that are only 25 nm wide, and, using image enhancement
as described below, even below 20 nm. No other known
writing technology can match this resolution and a the
same time the writing speed that is made possible by the
parallel character of an SLM.

Edge overlap

[0046] Since atwo-dimensionalfield is printed for each
flash and the fields are stitched together edge to edge to
edge the stitching is very critical. A displacement of only
a few nanometers of one field will create pattern errors
along that edge that are visible and potentially detrimen-
tal to the function of an electronic circuit produced from
the mask. An effective way of reducing the unwanted
stitching effects is to print the same pattern in several
passes but with a displacement of the stitching bounda-
ries between the passes. If the pattern is printed four
times the stitching error will occur in four positions, but
with only a fourth of the magnitude. In a preferred em-
bodiment the ability to create intermediate exposures is
used together with an overlap band between the fields.
The values are computed during the rasterisation, al-
though it could also be done during the expansion of the
compressed data. Edge overlap reduces the stitching er-
rors with much less throughput penalty than multipass
printing.

Modified illumination

[0047] In the first preferred embodiment the illumina-
tion of the SLM is done by an excimer laser and a light
scrambler such as a fly-eye lens array to create an illu-
mination that resembles that from a circular self-luminous
surface in the pupil plane of the illuminator. In order to
increase the resolution when printing with a specific pro-
jection systemiitis possible to use a modified illumination.
In the most simple cases pupil filters are introduced in
the pupil plane of the illuminator, e.g. with a quadrupole-
shaped or annular transmission area. In a more complex
case the same field is printed several times. Several pa-
rameters can be made to vary between the exposures,
such as focus in the image plane, illumination pattern,
data applied to the SLM and pupil filter in the pupil plane
of the projection optics. In particular the synchronised
variation of the illumination and a pupil filter can give an
increased resolution, most notably if the pupil has and a
sector-shaped transmitting area and the illumination is
aligned so that the non-diffracted light intercepts an ab-
sorbing patch near the apex of the sector

Linearisation of the response

[0048] For linearisation of the transfer function from
data to edge placement here are essentially three ways
to go:

- taking the non-linearity into account in the data con-
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version unit and generating an 8 bit (example) pixel
values in the data conversion unit and use DACs
with the same resolution to drive the SLM. This is
shown schematically in fig 8a, where R are relay sig-
nals and C are capacitors being provided on each
matrix element on the SLM. The SLM is indicated by
the dashed line.

- to generate digital values with fewer values, e.g. 5
bits or up to 32 values, and translate them to an 8
bit value in a look-up table (LUT) and then feed the
8 bit values to the DACs.

- to use a 5 bit value and semiconductor switches to
select a DC voltage that is generated by one or sev-
eral high-resolution DACs. This is shown schemati-
cally in fig 8b.

[0049] In either case it is possible to measure an em-
pirical calibration function such that the response on the
plate is linearised, when said function being applied at
respectively the data conversion unit, the LUT or in the
DC voltages.

[0050] Which linearization scheme to use depends on
the data rate, the precision requirements and also on the
available circuit technology that may change over time.
At the present time the data conversion unit is a bottle-
neck and thereforeitis nota preferred solution to linearise
in the data conversion unit, neither to generate 8-bit pixel
values. High-speed DACs are expensive and power-hun-
gry and the most appropriate solution is to generate DC
voltages and use switches. Itis then possible to use even
higher resolution than 8 bits.

Description of a preferred pattern generator

[0051] Referring to figure 6, a pattern generator com-
prises an SLM 601 with individual and multi-value pixel
addressing, an illumination source 602, an illumination
beam scrambling device 603, an imaging optical system
604, a fine positioning substrate stage 605 with an inter-
ferometer position control system 606 and a hardware
and software data handling system 607 for the SLM. For
proper functionality and ease of operation it also contains
a surrounding climate chamber with temperature control,
a substrate loading system, software for timing of stage
movement and exposure laser triggering to achieve op-
timum pattern placement accuracy and a software user
interface.

[0052] The llumination inthe pattern generatoris done
with a KrF excimer laser giving a 10-20 nanoseconds
long light flash in the UV region at 248 nanometer wave-
length with a bandwidth corresponding to the natural
linewidth of an excimer laser. In order to avoid pattern
distortion on the substrate, the light from the excimer la-
ser is uniformly distributed over the SLM surface and the
light has a short enough coherence length not to produce
laser speckle on the substrate. Abeam scrambler is used
to achieve these two aims. It divides the beam from the
excimer laser in several beam paths with different path
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length and then adds them together in order to reduce
the spatial coherence length. The beam scrambler also
has a beam homogenizer consisting of a lens system
containing a set of fly-eye lenses that distributes the light
from each point in the laser beam from the excimer laser
uniformly over the SLM surface giving a "top-hat" light
distribution. This beam scrambling, homogenizing and
reduction of coherence is advantageous in all SLM print-
ers. Depending on the actual circumstances implemen-
tations using beam-splitters and combiners, diffractive
elements, optical fibres, kaleidoscopes, lenslet arrays,
prisms or prism arrays or integrating spheres can be
used, as well as other similar devices in combinations
which splitand combines the beams to create a multitude
of mutually incoherent light fields impinging on the SLM.
[0053] The light from the SLM is relayed and imaged
down to the substrate on the substrate stage. Thisis done
using a Schlieren optical system described by Kiick. A
lens 1, with the focal width f; is placed at the distance f,
from the SLM. Another lens |, with the focal length f, is
placed at the distance 2 x f; + f, from the SLM. The sub-
strate is then at a distance 2 x f; + 2 x f, from the SLM.
At the distance 2 x f; from the SLM there is an aperture
608 which size determines the numerical aperture (NA)
of the system and thereby the minimum pattern feature
size that can be written on the substrate. In order to cor-
rect for imperfections in the optical system and the sub-
strate flatness there is also a focal system that dynami-
cally positions the lens |, in the z direction with a position
span of 50 micrometers to achieve optimal focal proper-
ties. The lens system is also wavelength corrected for
the illuminating wavelength of 248 nanometers and has
a bandwidth tolerance of the illuminating light of at least
+1 nanometer. The illuminating light is reflected into the
imaging optical system using a beamsplitter 609 that is
positioned immediately above the lens |,. For a demag-
nification factor of 250 and an NA of 0.62 it is possible to
expose pattern features with a size down to 0.2 microm-
eters with a good pattern quality. With 32 levels from
each SLM-pixel the minimum gridsize is 2 nanometers.
[0054] The pattern generator has a fine positioning
substrate stage with an interferometer position control
system. It consists of a moveable air bearing xy table 605
made of zerodur for minimum thermal expansion. Aservo
system with an interferometer position feedback meas-
uring system 606 controls the stage positioning in each
direction. In one direction, y, the servo system keeps the
stage in fixed position and in the other direction, x, the
stage moves with continuos speed. The interferometer
position measuring system is used in the x-direction to
trigger the exposure laser flashes to give uniform position
between each image of the SLM on the substrate. When
a full row of SLM images are exposed on the substrate
the stage moves back to the original position in the x
direction and moves one SLM image increment in the y
direction to expose another row of SLM images on the
substrate. This procedure is repeated until the entire sub-
strate is exposed.
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[0055] The SLMimages overlaps with a number of pix-
els in both the x and y direction and the exposure data
pattern is locally modified in the overlap pixels to com-
pensate for the increased number of exposures that re-
sult in such overlap areas.

[0056] Variations in pulse to pulse intensity from the
excimer laser is compensated by using two-pass expo-
sure of the pattern where the first pass is done using a
nominal 90% intensity of the correct intensity. In the first
pass, the actual intensity in each laser flash is measured
and stored. In the second pass, the correct intensity for
each SLM image exposure is then used based on the
measured intensity values from the first pass. In this way
it is possible to reduce the influence from pulse to pulse
intensity variations from the excimer laser by one order
of magnitude.

[0057] The functionality of the SLM is described exten-
sively elsewhere in this text. It has 2048 x 256 pixels with
pixel size of 16 micrometers and it is possible to address
all pixels within 1 millisecond. The SLM s rigidly mounted
in a fine stage. This fine stage is moveable 100 microns
in the x and y directions with accuracy better than 100
nanometers between each flash exposure. The fine po-
sitioning of the SLM is used to correct for position inac-
curacy of the substrate positioning stage to further reduce
pattern-stitching errors. In addition to the x-y positioning,
there is also a rotational possibility of the SLM stage in
order to expose a pattern on a substrate with an angle
other than the one specified by the substrate stage co-
ordinate system. The purpose for such rotation is to cre-
ate the possibility of incorporating substrate alignment
feasibility for substrates with an already existing pattern
where additional features shall be added. It is possible
to measure the exact position of the substrate on the
stage after loading it using an off axis optical channel
and/or a CCD camera looking through the lens to deter-
mine the system coordinates for a number of alignment
marks existing on the substrate. During exposure, the
stage position is then corrected in the x-and y-directions
based onthe measured positions of the alignment marks.
Rotational alignmentis achieved by using the stage servo
system to follow the rotated coordinate system and also
rotating the SLM fine stage as described. The possibility
of rotating the SLM makes it also possible to write in a
distorted coordinate system, such as to compensate for
subsequent warpage of the pattern.

[0058] An arbitrary data pattern of an arbitrary format
is transformed into a compressed rasterized pixel map
with 32 (5 bit) gray levels per pixel in a pattern rasterizer
610. Since the grayscale steps of an exposed pixel is not
linearin response to the voltage applied to the pixel elec-
trode, the input data is linearized in a pixel linearizer 611
so that the 32 gray levels correspond to a uniform in-
crease in exposure dose for each successive level. This
is done using 8-bit digital to analog converters (DAC) 612
where each gray level from the pixel map selects a volt-
age from the DAC’s according to a previously empirically
calibrated linearization function. An additional offset in



17 EP 1 060 441 B1 18

the choice of analog level from the DAC'’s is made using
a lookup table where each value corresponds to an SLM
pixel and each such value corrects for anomalies of the
corresponding pixel. The calibration values in the lookup
table are generated using an empirical calibration proce-
dure where a series of test patterns are sent to the SLM
and the resulting exposed patterns are measured and
used for individual pixel correction. This means that each
gray level in the pixel map selects an analog voltage gen-
erating a pixel deformation for every corresponding SLM
pixel to give the correct exposure dose.
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Claims

1. An apparatus for creating a high precision pattern
on a workpiece sensitive to light radiation, such as
a photomask, a display panel or a microoptical de-
vice, comprising:

a light source for emitting light in the wavelength
range from EUV to IR;

a spatial light modulator (SLM) having a multi-
tude of modulating elements adapted to being
illuminated by said radiation;

a projection system creating an image of the
modulator on the workpiece;

an electronic data processing and delivery sys-
tem receiving a digital description of the pattern
to be written, converting said pattern to modu-
lator signals, and feeding said signals to the
modulator;

a precision mechanical system for positioning
said workpiece and/or projection system relative
to each other;

an electronic control system controlling the po-
sition of the workpiece, the feeding of the signals
to the modulator and the intensity of the radia-
tion, so that said pattern is printed on the work-
piece, characterised in that the drive signals
and at least one of the modulating elements are
adapted to create a number of modulation states
larger than two and preferably larger than three,
wherein the number of modulation states larger
than two provides for the high precision position-
ing of edges of pattern features to positions in
an address grid that is finer than the grid created
by the pixels of the spatial light modulator.
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10.

11.

12.

13.

14.

15.

The apparatus of claim 1, further comprising a filter
selective to the state of the radiation, thereby trans-
lating the modulation across the surface of the spatial
light modulator to an intensity image at the work-
piece.

The apparatus of claim 1, where the spatial light mod-
ulator is a two-dimensional array of modulating ele-
ments with time-multiplexed loading of the values to
the modulating elements and storage of the loaded
values at each element.

The apparatus of claim 1, where the spatial light mod-
ulator is built on a matrix-addressed active circuit.

The apparatus of claim 1, where the spatial light mod-
ulator is built on top of a semiconductor chip.

The apparatus of claim 1, where the spatial light mod-
ulator contains a liquid crystal.

The apparatus of claim 1, where the spatial light mod-
ulator has a viscoelastic layer.

The apparatus of claim 1, where the spatial light mod-
ulator has an array of micromechanical elements,
and preferably an array of micromechanical ele-
ments, and most preferably an array of pyramidal
micromirrors.

The apparatus of claim 1, where the spatial light mod-
ulator is reflective.

The apparatus of claim 1, where the spatial light mod-
ulator is transmissive.

The apparatus of claim 1, further comprising a timing
unit controlling the emission of radiation from the light
source.

The apparatus of claim 1, where the precision me-
chanical system and/or the projection system is
adapted to producing a microlithography pattern with
features smaller than 30p.m and placement and size
accuracy better than 3pum (3 sigma).

The apparatus of claim 1, where the pattern is formed
in photoresist, photopolymer or photographic emul-
sion.

The apparatus of claim 1, where the pattern is formed
by ablation, a photorefractive effect, a photochemi-
cal alteration of a component of the workpiece or by
a thermal process.

The apparatus of claim 1, where the electronic data
processing system has an array of parallel proces-
sors for real-time pattern conversion.
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A method for creating a high precision pattern on a
workpiece sensitive to light radiation, such as a pho-
tomask, a display panel or a microoptical device,
comprising the steps of:

receiving a digital description of the pattern to
be written;

converting said pattern to modulator signals;
feeding said signals to a modulator having a mul-
titude of modulating elements adapted to being
illuminated by radiation;

illuminating the modulator with radiation in the
wavelength range from EUV to IR;

controlling the position of the workpiece, the
feeding of the drive signals to the modulator and
the intensity of the radiation, so that said pattern
is printed on the workpiece, characterised in
that the drive signals and at least one of the
modulating elements are adapted to create a
number of modulation states larger than two and
preferably larger than three, wherein the number
of modulation states larger than two provides for
the high precision positioning of edges of pattern
features to positions in an address grid that is
finer than the grid created by the pixels of the
modulator.

The method according to claim 16, wherein the ad-
dress grid is 1/15 or less of the size of the pixel grid.

The method of claim 16, wherein a compensating
linearisation function is used in the conversion from
the input pattern description to the modulator volt-
ages to correct for a non-linear response from the
modulator voltages to the exposure on the work-
piece.

The method of claim 18, wherein the response is the
physical or chemical result of the exposure of a sur-
face element, such as the light absorption of a de-
veloped silver halide emulsion, or the removal of ma-
terial mass per surface area by an ablation process.

Patentanspriiche

1.

Vorrichtung zum Erzeugen eines hochgenauen Mu-
sters auf einem Werkstlick, das flr Lichtstrahlung
empfindlich ist, wie z. B. eine Photomaske, eine An-
zeigetafel oder eine mikrooptische Vorrichtung, um-
fassend:

eine Lichtquelle zum Emittieren von Licht im
Wellenlangenbereich von EUV bis IR;

einen Raumlichtmodulator (SLM) mit einer Viel-
zahl von Modulationselementen, die daflir aus-
gelegt sind, durch die Strahlung beleuchtet zu
werden;

10

15

20

25

30

35

40

45

50

55

11

ein Projektionssystem, das ein Abbild des Mo-
dulators auf dem Werkstlck erzeugt;

ein elektronisches Datenverarbeitungs- und
Liefersystem, das eine digitale Beschreibung
des zu schreibenden Musters empfangt, das
Muster in Modulatorsignale umsetzt und die Si-
gnale dem Modulator zufihrt;

ein mechanisches Prazisionssystem zum Posi-
tionieren des Werkstlicks und/oder des Projek-
tionssystems relativ zueinander;

ein elektronisches Steuersystem, das die Posi-
tion des Werkstlicks, die Zuflihrung der Signale
zum Modulator und die Intensitat der Bestrah-
lung steuert, so dass das Muster auf das Werk-
stlick aufgedruckt wird,

dadurch gekennzeichnet, dass die Ansteuersi-
gnale und wenigstens eines der Modulationsele-
mente daflir ausgelegt sind, eine Anzahl von Modu-
lationszustdnden zu erzeugen, die groRer als 2 und
vorzugsweise grofer als 3 ist, wobei die Anzahl der
Modulationszustéande grofer als 2 fir die hochge-
naue Positionierung von Randern von Mustermerk-
malen an Positionen in einem Adressgitter sorgt, das
feiner ist als das von den Pixeln des Raumlichtmo-
dulators erzeugte Gitter.

Vorrichtung nach Anspruch 1, die ferner einen Filter
umfasst, der fur den Zustand der Strahlung selektiv
ist, wodurch die Modulation tber die Oberflache des
Raumlichtmodulators in ein Intensitatsabbild auf
dem Werkstlick Ubersetzt wird.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator eine zweidimensionale Anordnung von
Modulationselementen mit zeitmultiplexiertem La-
den der Werte zu den Modulationselementen und
Speichern der geladenen Werte an jedem Element
ist.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator auf einer matrixadressierten aktiven
Schaltung aufgebaut ist.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator auf der Oberseite eines Halbleiterchips
aufgebaut ist.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator einen Flissigkristall enthalt.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator eine viskoelastische Schicht aufweist.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator eine Anordnung mikromechanischer Ele-
mente aufweist, und vorzugsweise eine Anordnung
von Mikrospiegelelementen, und am meisten bevor-
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zugt eine Anordnung von pyramidenférmigen Mikro-
spiegeln.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator reflektiv ist.

Vorrichtung nach Anspruch 1, wobei der Raumlicht-
modulator transmissiv ist.

Vorrichtung nach Anspruch 1, ferner eine Zeitsteu-
ereinheit umfassend, die die Emission von Strahlung
von der Lichtquelle steuert.

Vorrichtung nach Anspruch 1, wobei das mechani-
sche Prazisionssystem und/oder das Projektionssy-
stem dafur ausgelegt ist, ein mikrolithographisches
Muster mit Merkmalen kleiner als 30 p.m und einer
Platzierungs- und GréRengenauigkeit besser als 3
pm (3 sigma) zu erzeugen.

Vorrichtung nach Anspruch 1, wobei das Muster in
einem Photoresist, einem Photopolymer oder einer
photographischen Emulsion gebildet wird.

Vorrichtung nach Anspruch 1, wobei das Muster
durch eine Abtragung, einen photorefraktiven Effekt,
einen photochemischen Umbau einer Komponente
des Werkstlicks oder durch einen thermischen Pro-
zess gebildet wird.

Vorrichtung nach Anspruch 1, wobei das elektroni-
sche Datenverarbeitungssystem eine Anordnung
paralleler Prozessoren fiir eine Echtzeit-Musterum-
setzung aufweist.

Verfahren zum Erzeugen eines hochgenauen Mu-
sters auf einem Werkstiick, das flr Lichtbestrahlung
empfindlich ist, wie z.B. eine Photomaske, eine An-
zeigetafel oder eine mikrooptische Vorrichtung, um-
fassend die Schritte:

Empfangen einer digitalen Beschreibung des zu
schreibenden Musters;

Umsetzen des Musters in Modulationsignale;
Zufiihren der Signale zu einem Modulator, der
eine Vielzahl von Modulationselementen auf-
weist, die dafiir ausgelegt sind, mittels Strahlung
beleuchtet zu werden.

Beleuchten des Modulators mit Strahlung im
Wellenlangenbereich von EUV bis IR;

Steuern der Position des Werkstlicks, des Zu-
fuhrens der Ansteuersignale zum Modulator und
der Intensitat der Strahlung so, dass das Muster
auf das Werkstiick aufgedruckt wird,

dadurch gekennzeichnet, dass die Ansteuersi-
gnale und wenigstens eines der Modulationsele-
mente daflr ausgelegt sind, eine Anzahl von Modu-
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lationszustédnden groRer als 2 und vorzugsweise
groéRer als 3 zu erzeugen, wobei die Anzahl der Mo-
dulationszustande groRer als 2 fir die hochgenaue
Positionierung der Rander von Mustermerkmalen an
Positionen in einem Adressgitter sorgt, das feiner ist
als das von den Pixeln des Modulators erzeugte Git-
ter.

Verfahren nach Anspruch 16, wobei das Adressgit-
ter 1/15 der GroRe des Pixelgitters oder kleiner ist.

Verfahren nach Anspruch 16, wobei eine kompen-
sierende Linearisierungsfunktion bei der Umsetzung
von der eingegebenen Musterbeschreibung in die
Modulatorspannungen verwendet wird, um eine
nichtlineare Antwort von den Modulatorspannungen
zu der Belichtung des Werkstlicks zu korrigieren.

Verfahren nach Anspruch 18, wobei die Antwort das
physikalische oder chemische Ergebnis der Belich-
tung eines Oberflachenelements ist, wie z. B. die
Lichtabsorption einer entwickelten Silberhalogenid-
Emulsion, oder das Entfernen von Materialmasse
pro Oberflacheneinheit mittels eines Abtragungs-
prozesses.

Revendications

Appareil pour créer un modele de précision élevée
sur une piéce réagissant au rayonnement de la lu-
miére, comme un photomasque, un panneau d’affi-
chage ou un dispositif micro-optique, comprenant:

une source de lumiére pour émettre la lumiere
dans la plage de longueur d’'onde de EUV a IR;
un modulateur de lumiére spatial (SLM) ayant
une multitude d’éléments de modulation aptes
a étre éclairés par ledit rayonnement;

un systeme de projection créant une image du
modulateur sur la piéce;

un systéme électronique de traitement et
d’émission de données recevant une descrip-
tion numérique du modele a écrire, convertis-
sant ledit modele en signaux de modulateur et
transmettant lesdits signaux au modulateur;

un systéme mécanique de précision pour posi-
tionner ladite piece et/ou le systéme de projec-
tion I'un relativement a I'autre;

un systéme de commande électronique com-
mandant la position de la piéce, 'amenée des
signaux au modulateur et l'intensité du rayon-
nement de sorte que ledit modéle est imprimé
sur la piece, caractérisé en ce que les signaux
d’entrainement et au moins un des éléments de
modulation sont aptes a créer un nombre d’états
de modulation plus grand que deux et de préfé-
rence plus grand que trois, ou le nombre d’états
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de modulation plus grand que deux réalise un
positionnement de haute précision des bords
des caractéristiques du modéle a des positions
dans une grille d’adresse qui est plus fine que
la grille créée par les pixels du modulateur de
lumiére spatial.

Appareil selon la revendication 1, comprenant en
outre un filtre sélectif a I'état de rayonnement, en
translatant ainsi la modulation sur la surface du mo-
dulateur de lumiére spatial a une image d’intensité
a la piece.

Appareil selon la revendication 1, ou le modulateur
de lumiere spatial est un groupement bidimension-
nel d’éléments de modulation avec chargement mul-
tiplexé dans le temps des valeurs aux éléments de
modulation et stockage des valeurs chargées a cha-
que élément.

Appareil selon la revendication 1, ou le modulateur
de lumiéere spatial est construit sur un circuit actif
d’adressage de matrice.

Appareil selon la revendication 1, ou le modulateur
de lumiere spatial est construit sur le dessus d’une
puce semi-conductrice.

Appareil selon la revendication 1, ou le modulateur
de lumiére spatial contient un cristal liquide.

Appareil selon la revendication 1, ou le modulateur
de lumiére spatial posséde une couche viscoélasti-
que.

Appareil selon la revendication 1, ou le modulateur
de lumiére spatial posséde un groupement d’élé-
ments micro-mécaniques, et de préférence un grou-
pement d’éléments micromiroirs, et selon une plus
grande préférence, un groupement de micromiroirs
pyramidaux.

Appareil selon la revendication 1, ou le modulateur
de lumiére spatial est réflexif.

Appareil selon la revendication 1, ou le modulateur
de lumiére spatial est transmissif.

Appareil selon la revendication 1, comprenant en
outre une unité d’horloge contrélant I'émission du
rayonnement de la source de lumiére.

Appareil selon la revendication 1, ou le systéme de
précision mécanique et/ou le systéme de projection
est apte a produire un modéle de microlithographie
avec des caractéristiques plus petites que 30p.m et
une précision de placement et de taille meilleure que
3pm (3 sigma).
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Appareil selon la revendication 1, ou le modéle est
formé dans un photorésist, photopolymére ou émul-
sion photographique.

Appareil selon la revendication 1, ou le motif est for-
mé par ablation, un effet de photoréfraction, une mo-
dification photochimique d’'un composant de la piéce
ou par un processus thermique.

Appareil selonlarevendication 1, ou le systeme élec-
tronique de traitement de données posséde un grou-
pement de processeurs paralléles pour une conver-
sion du modéle en temps réel.

Procédé de création d’'un modéle de haute précision
sur une piéce réagissant au rayonnement de la lu-
miére, comme un photomasque, un panneau d’affi-
chage ou un dispositif micro-optique, comprenant
les étapes de:

recevoir une description numérique du motif a
écrire;

convertir lesdits modeles en signaux de modu-
lateur;

amener lesdits signaux a un modulateur ayant
une multitude d’éléments de modulation aptes
a étre éclairés par rayonnement;

illuminer le modulateur avec un rayonnement
dans la plage de longueur d’'onde de EUV a IR;
commander la position de la piéce, la transmis-
sion des signaux d’entrainement au modulateur
et I'intensité du rayonnement de sorte que ledit
modeéle est imprimé sur la piéce, caractérisé
en ce que les signaux d’entrainement et au
moins un des éléments de modulation sont ap-
tes acréerun nombre d’états de modulation plus
grand que deux et de préférence plus grand que
trois, ol le nombre des états de modulation plus
grand que deux réalise un positionnement de
haute précision de bords des caractéristiques
du modéle a des positions dans une grille
d’adresse qui est plus fine que la grille créée par
les pixels du modulateur.

Procédé selon la revendication 16, dans lequel la
grille d’adresse représente 1/15 ou moins de la taille
de la grille de pixels.

Procédeé selon la revendication 16, dans lequel une
fonction de compensation de linéarisation est utili-
sée dans la conversion de la description du modéle
d’entrée aux tensions du modulateur pour corriger
une réponse non linéaire des tensions du modula-
teur a I'exposition sur la piece.

Procédé selon la revendication 18, dans lequel la
réponse est le résultat physique ou chimique de I'ex-
position d’'un élément de surface, comme I'absorp-
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tion de la lumiére d’une émulsion d’halogénure d’ar-
gent développée, ou bien le retrait de la masse de
matériau par aire de surface par un processus
d’ablation.
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